We propose and demonstrate a visible light communication (VLC) system using a light-panel and a mobile-phone camera. We also propose the rolling-shutter-effect (RSE) pattern synchronization and demodulation algorithms. By using our developed mobile-phone application program, the RSE pattern can be demodulated even at very low illuminance. As the light-panel will have different advertisements on it, we also define a noise-ratio (NR) as the figure-of-merit; hence, different VLC data rates can be adjusted according to different advertisement NR values. Experimental bit error rate measurements at different free-space transmission distances and different NRs are performed.
Introduction
Visible light communication (VLC) uses the visible light spectrum to relieve the congested radiofrequency (RF) communication spectrum. It is also considered as one of the promising technologies for the 5G and beyond mobile communication systems [1] . Laser-diode (LD) and light-emitting-diode (LED) are two main transmitters (Txs) in the VLC systems [2] - [11] . Photo-diode (PD) is usually used as the optical receiver (Rx) in VLC. As mobile-phone with embedded complementary-metal-oxidesemiconductor (CMOS) image sensor based camera is very common nowadays, using this image sensor as VLC Rx can significantly increase the implementation flexibility and decrease the VLC deployment cost. However, using the CMOS image sensor as VLC Rx is challenging; and the data rate can be limited by the camera frame rate (30/60 frame-per-second, fps). Recently, tailor-made CMOS sensor with embedded PD can be used for automotive applications [12] ; however, it may not be ready for mobile-phones in the near future. Different techniques have been proposed by decoding the rolling-shutter-effect (RSE) pattern of the CMOS camera to improve the transmission performance of VLC [13] - [17] .
In this work, we propose and demonstrate a VLC system using light-panel and mobile-phone CMOS image sensor. The LED backlight of the advertisement light-panel is modulated; and endusers can receive the VLC data by using their mobile-phone cameras. Here, we also propose and demonstrate the RSE pattern synchronization and demodulation algorithms. By using our developed mobile-phone application program (APP); the RSE pattern can be demodulated even at very low illuminance, allowing successful VLC data retrieval. As the light-panel will have different advertisements on it, we also define a noise-ratio (NR) as the figure-of-merit to evaluate the advertisement; hence different VLC data rates can be adjusted according to different advertisement NRs in order to maintain the bit-error-ratio (BER) performance. Experimental BER measurements at different free-space transmission distances and NRs are performed. Fig. 1(a) shows the proposed VLC architecture based on light-panel and the mobile-phone camera. The data can be distributed and transmitted via the alternate-current (AC) power line system in a building. In this proposed architecture, the data signal can be easily transmitted from the central office (CO) to different places inside a building via the power line without the need of additional cable networks for signal transmission. In our proof-of-concept experiment, the electrical data does not distributed via the power line system, but is applied to the light-panel directly. The electrical data is generated by an arbitrary waveform generator (AWG, Tektronix AFG3252C) with sampling rate of 2 GSample/s and bandwidth of 240 MHz. The data packet is in non-return-to-zero (NRZ) on-off-keying (OOK) format, with a 12-bit header and different bit-length (16, 24, 32-bit) payloads. The direct-current (DC) bias for the light-panel is 12 V, and the amplitude of the applied OOK signal is 2.5 V pp . They are combined by a bias-tee and applied to the light-panel. The light-panel is commercially available (Li-Cheng Light Box Corp.) with a dimension of 577 mm x 878 mm. It consists of an LED light bar (Epistar) at the side with output power of 22 W to provide backlighting; and a PMMA diffuser at the center.
Architecture and Experiment
After different free-space transmission distances, the VLC signal is received by a mobile-phone (Iphone) CMOS image sensor with resolution of 1080 × 1920 pixels and frame rate of 30 fps. The VLC signals are recorded in different 30 s movies using our developed APP in the mobile phone. Our developed APP also disables the automatic white-balance function and uses a relative high ISO = 400. Fig. 1(b) shows the photograph of using two mobile-phones (both are Iphones) to record the VLC data transmitting from the modulating light-panel. We can clearly observe that the mobile-phone on the right with our developed APP can clearly observe the RSE pattern; while the mobile-phone on the left operated in the movie mode (without using our APP) cannot observe the RSE pattern. Although users can develop their own APP, this scheme could increase the difficulty for common people to retrieve the RSE pattern. Besides, the security can be further enhanced by using simple encryption scheme [18] or cryptographic scheme in the MAC layer of the VLC IEEE 802.15.7 standard [19] .
The operation mechanism of RSE of the CMOS camera is described in [13] , [14] . During the operation, the CMOS camera will not capture the whole image at the same time (called the global shutter effect, GSE); instead each pixel row is activated sequentially (called RSE). When the LED Tx is modulated "ON" and "OFF" at the frequency higher than the frame rate of the CMOS camera, bright and dark fringes will be observed in each image frame due to RSE. By demodulating these bright and dark fringes, the transmitted VLC information can be retrieved. After all the pixel rows (there are 1080 pixel rows in the experiment) in the CMOS camera are activated in one frame period; there will be a processing time-gap [14] . During the processing time-gap, the CMOS camera cannot detect any optical signal even the LED is still modulating "ON" and "OFF". Because of this, the transmitted VLC signal should be packet-based with header for synchronization. Fig. 2 shows the flow diagram of the synchronization and demodulation processes of the lightpanel-based VLC. When the VLC data is captured by the mobile-phone, the RSE pattern (bright and dark fringes) will be recorded in each frame in the movie. The raw movie file with RSE pattern is first converted into grayscale format, in which 255 and 0 represent full brightness and darkness respectively. The header will be first located in the RSE pattern; then the next header will be located. Hence, data the payload information between two headers can be found. As each frame consists of 1080 × 1920 pixels, a column matrix (1080 × 1) is selected for the VLC data demodulation. Due to different advertisements can be mounted onto the light-panel; the received signal-to-noise ratios (SNRs) will be different in different pixels along a pixel row. Because of this, we first arrange the grayscale values of different pixels in a pixel row in descending order; and we select the 90% of the highest grayscale value to represent the grayscale value of that pixel row. After the processing of 1080 pixel rows, a column matrix representing the VLC data can be obtained. Then, the extinction-ratio (ER) enhancement [16] and adaptive thresholding [17] can be applied to the column matrix to identify the logic 1 and logic 0. Finally BER are measured. This scheme reported here is suitable for transmitting leaflets in department stores, menus in restaurants, location information in buildings, maps in bus/rail stations, exhibition item data in museums. Hence only a single direction transmission is needed; and the information is transmitting repeatedly. To further extend the applications, an upstream transmission link is needed, which can be achieved by using infra-red (IR) [20] , visible light [21] , or simple RF communication [22] .
Algorithm, Results and Discussions
Although the column matrix selection process is used to retrieve the high SNR pixel in each pixel row for the VLC demodulation, if the advertisement is full of dark-color components, the received SNR will be low. Here, we define NR value as the figure-of-merit to evaluate the contrast of the light-panel advertisement. By evaluating the NR values of different advertisements, we can purposely adjust the transmitted VLC data rate or the size of the light-panel in order to maintain the transmission performance. Equation (1) shows the definition of the NR, which is used to find the grayscale contrast of a static advertisement, where I i ,j and I i ,j are the grayscale value of a pixel in the light-panel without and with the advertisement. i and j are the vertical and horizontal co-ordinates; and rows and cols are the maximum numbers of the row and column; which are equal to 1080 pixels and 1920 pixels respectively. Fig. 3(a)-(c) shows the RSE patterns observed at the NRs of 0%, 39.56% and 70.21% respectively at the free-space transmission distances of 50 cm, 100 cm and 150 cm at 16-bit per packet (i.e., 480 bit/s).
We can observe that when the free space transmission distance increases, the occupied image area of the light-panel on the mobile-phone screen becomes smaller. It is worth to notice that as the RSE is produced at the CMOS camera Rx side, even the light-panel image size decreases at long transmission distances; the RSE pixel width is unchanged. Because of this, the number of completely received VLC packet observed in the CMOS image sensor will decrease when the transmission distance increases. This can limit the VLC transmission distance. Due to the processing time-gap of the CMOS camera, each VLC packet should be successively re-transmitted in order to make sure a complete VLC packet can be recorded in an image frame at long transmission distance, and this limits the transmission data rate. Fig. 4(a)-(c) shows the RSE patterns observed at the NR of 0%, 39.56% and 70.21% respectively at the free-space transmission distances of 50 cm, 100 cm and 150 cm at 32-bit per packet (i.e., 960 bit/s). We can observe that when the VLC data rate increases, more bright and dark fringes can be observed; hence the pixel per bit (numbers of pixel row required to represent one bit) will decrease. Fig. 5 (a) and (b) shows the measured BER curves of data rates 720 bit/s and 960 bit/s (payload 24-bit and 32-bit respectively) at different free-space transmission distances up to 150 cm. As shown in Fig. 5(a) , when the light-panel without advertisement is used (NR = 0%), FEC threshold (BER = 3.8 × 10 −3 ) can be achieved for all the transmission distances. When the advertisement of NR = 39.56% is used, 50 cm transmission and data rates of 720 bit/s and 960 bit/s can be achieved with BER satisfying the FEC threshold. Fig. 6 (a) and (b) shows the measured BER curves of different VLC data rates at NR = 39.56% and 70.21% respectively. We can observe that at the data rate of 480 bit/s, FEC threshold can be achieved even at high NR = 70.21% with long transmission distance of 150 cm. Fig. 6(c) shows the measured illuminance by using a lux-meter (TES-1330A) at different NRs and at free space transmission distances. Fig. 6(d) shows the pixels per bit of the CMOS image sensor required to achieve different VLC data rates. When the data rate increases, the numbers of pixel row required to represent 1 bit will reduce. At the data rates of 720 bit/s and 960 bit/s, the required pixels per bit are 14.173 and 11.388 respectively. The relative large pixel per bit is due to the low illuminance detected by the image sensor, which affect the received SNR. Hence more pixel rows are needed for decoding. If the CMOS image sensor with higher resolution (4K) is available, much higher data rate can also be achieved in the proposed scheme. The VLC data rates can also be enhanced by using a higher frame rate CMOS camera or a more brightness LED backlight. In this proofof-concept demonstration, the maximum free-space transmission distance is 150 cm in order to ensure a complete VLC packet can be observed in the image sensor. Higher transmission distance can be achieved by decreasing the VLC data rate or using larger light-panel.
Conclusion
We proposed and experimentally demonstrated a VLC system using off-the-shelf light-panel and mobile-phone CMOS image sensor. We also proposed the RSE pattern synchronization and demodulation algorithms. By using our developed mobile-phone APP; the RSE pattern can be easily detected, allowing successful VLC data retrieval. We also defined the NR value as the figure-ofmerit to evaluate the contrast of the light-panel advertisement. Results showed that at the data rate of 480 bit/s, FEC threshold can be achieved even at high NR = 70.21% with long transmission distance of 150 cm. We also discussed how higher data rates and longer transmission distances can be achieved in the proposed scheme.
